Introduction
With the ever-increasing demand for next generation sustainable energy conversion technologies, it is undoubted that the substitution of economic and sustainable clean energy for traditional fossil fuels is becoming a necessity [1, 2] . Fuel cells are clean, efficient and renewable energy conversion devices that can directly convert the chemical energy of fuels to electricity through electrochemical processes [3, 4] . Especially proton exchange membrane fuel cells (PEMFCs) have demonstrated their powerful potential and are believed to be one of the most promising future energy providers for potable as well as stationary applications [5] . In the past three decades, vast research activities were carried out to boost the final steps for fuel cells to enter the daily life with affordable price and stable performance [6] .
Though still not well understood, surface chemistry and morphology of the fuel cell electrode, are crucial parameters influencing the cell performance [7, 8] . The delicate three-phase boundary (TPB), where proton, electron and gas meet and initiate the electrochemical reactions, has great influence on the catalyst utilization and cell lifetime. Typically, the thickness of the catalyst layer (CL) is only around 20 µm, which is usually less than 5% of the total thickness of a typical membrane electrode assembly (MEA). CL is the heart of PEMFC, and is responsible for hydrogen oxidation reaction and oxygen reduction reaction. State of the art PEMFC catalyst layer consists of platinum supported by high surface area carbon and impregnated with proton conducting ionomer, e.g., Nafion ® , by DuPont. To maximize electrochemical reaction zone, ionomer component is routinely impregnated in the electrode structure. The loading of the ionomer is usually in a range of 30-50% by weight [9, 10] , or 10-25% by volume. Based on the earlier studies [11, 12, 13] , the Nafion ionomer was found to have strong affinity towards the catalysts. An ionomer layer (Nafion thin film) is readily formed on top of the catalyst surface. This thin layer is largely responsible for the transport of proton, which is essential for the electrochemical reactions. Besides, the polymer phase can directly influence the morphology of the other two phases. Stability of the polymer or the overall interphase structure in the catalyst layer can be a bottle neck of the fuel cell lifetime challenge.
The Nafion thin film in the CL is of thickness less than 10 nm. This thin film is of a significantly different structure and property comparing to the bulk membrane as reported by many groups and it is an active topic in the field [14, 15] . Due to its light elements and minute thickness, Nafion ionomer in CLs is rather difficult to be observed with the most common microscopy techniques [16, 17] , since the ionomer appears transparent or damaged during observation, which is a well-documented challenge [18] . Visualization of the polymer in these cases often requires tedious preparation procedures, such as staining with heavy metal ions [19] , by which the true electrode structure can be compromised. Other characterization methods include various spectroscopies (such as Raman [20] and infrared [21] ), nuclear magnetic resonance [11, 12, 13] and X-ray photoelectron spectroscopy. However, all of them lack information regarding the morphology of electrodes in three dimensions.
Nafion is a well-known dielectric with a high electrical resistivity [22] . When a Nafion sample is investigated in a scanning electron microscope (SEM), this usually results into a rapid charge build-up in the sample, which can disturb its imaging. The other negative aspect of the electron probe beams is image artefacts brought by high radiation damage generated in the polymer materials through the ionization losses of the incident electrons. Even though low energy electron beams can be used to minimize these effects through overall charge balance [23] , an electric field can still be present at the specimen's surface and cause image artefacts. Moreover, as the secondary electron emission depends on the electron beam incidence angle, for structures with large topography variations, such as our electrodes, this approach for charging reduction can have only limited success [24] .
In general, Helium Ion Microscopy (HIM) is similar to SEM but instead of a focused electron beam a focused beam of positively charged helium ions is used [25, 26] . Hence, in contrast to the negative charging specific to SEM, HIM imaging results in only positive charging, that can be compensated with an electron flood gun. Other significant advantages of HIM in imaging of composite structures include its superior spatial resolution (close to 0.3 nm) a depth-of-field that is about five times larger than that of SEM and an enhanced surface sensitivity [26, 27] . In this work, we have used HIM for the characterization of uncoated polymer fuel cell electrodes, in a combination with other experimental techniques, such as the electrochemical characterization and accelerated stress test.
Materials and Methods
Catalyst powder from Johnson Matthey, Hispec 9100, was used as received. The powder contained 57 wt% of Pt black nano-particles with a diameter around 3-4 nm and supported on high surface area carbon. The catalyst ionomer electrode was a composite of the catalyst powder and Nafion ionomer (from Ion Power, Inc). The catalyst and the ionomer were homogeneously mixed in a water and ethanol mixture (1:3), with an ultrasonic horn for 10-15 min. Then, the ink was spray printed with an air brush (NEO FOR IWATA HP-TRN1 0.35MM) on a gas diffusion layer (SIGRACET ® 36 BD) placed on a heating plate at a temperature of 60 ℃.
The HIM study was performed with a Zeiss ORION NanoFab Helium Ion Microscope operating at a beam energy of 30 keV. The scanning electron microscopy (SEM) was performed with a Hitachi S-4800 system with a cold field-emission electron source for ultra-high resolution, and at a beam energy of 5 keV. The transmission electron microscopy (TEM) was performed using a doubleaberration corrected JEOL 2200FS (JEOL, Japan) microscope equipped with a field emission gun (FEG). Image processing and analysis were assisted by using Scanning Probe Image Processor (SPIP) and Origin Pro 9.1 software.
The electrochemical measurements were carried out in a traditional three-electrode electrochemical cell. The electrochemical accelerated stress test (AST) was performed by potential cycling as a simulated start/stop test [28] . The AST was carried out between 0.4 and 1.6 V with a scan rate of 1 V· s −1 up to 2500 cycles. The cyclic voltammetry evaluation was performed between 0 and 1.2 V vs. RHE with sweep rate of 0.1 V/s in 1 M H 2 SO 4 at room temperature. A carbon rod was used as the counter electrode and a radiometer ® Hg/Hg 2 SO 4 was used as the reference electrode. The printed electrodes were used as the working electrode in the electrochemical characterization and degradation studies. Argon purging was maintained during the measurements, with a constant flow of 0.2 mL/s. The experiments were carried out with an electrochemical workstation (Zahner ® IM6e).
The connection between the sample and the device was established with a 0.2 mm thick gold wire. Details of the calculations on electrochemical surface area (ECSA) and utilization (U) can be found in Section 3.2.
Results and Discussion

Electrode Morphology Revealed with HIM, SEM and TEM
In this section we compare the imaging results obtained with HIM, SEM and TEM techniques. Identical catalyst nanoparticles were used for the three types of microscopy. For HIM and SEM, 30 wt% of Nafion ionomer was included in the electrodes. The electrodes were imaged without any coating or pre-treatment. TEM was carried out on the pristine catalyst powder. The images and a summary of particle diameter distribution are presented in Figure 1 .
Since TEM image contrast is formed by the electrons transmitted through the specimen, the atoms with higher atomic numbers appear in the images darker, because they scatter more electrons out of an imaging aperture. Therefore, platinum nanoparticles are seen as black dots and carbon supports are seen as gray grains in Figure 1A . Due to lack of ionomer, catalyst particles tend to agglomerate and stack on each other. The TEM pictures appear as 2-D images that reveal only a small part of the depth details. SEM generates images by scanning the sample with a focused electron beam and detecting secondary electrons emitted by the sample atoms. Similar to TEM, atoms of high atomic numbers interact stronger with the electron beam, and as a result, generate more secondary electrons in contrast to the low-atomic number atoms. Therefore, platinum nanoparticles appear brighter than carbon support in SEM image ( Figure 1B ). The presented SEM picture also illustrates the image distortions specific to SEM, which manifest themselves as an elongation of the structural features in one of the in-plane directions. We have had persistent problems in obtaining undistorted images of our samples with SEM. Such type of distortions can be caused by many different reasons, such as mechanical drifts in the instrument. The distorsions could also result from movements of the sample features due to the local electrical charging, heating, accumulation of mechanical stress and radiation defects, or due to a combination of these factors during the exposure to the focused electron beam. In order to clarify this issue we have performed a range of SEM imaging trials on similarly mounted samples of high electrical conductivity. No distortions of this type were observed in these samples. Therefore, we exclude the mechanical drifts in our instrument as a cause for the observed distortions. Figure 1C is a HIM image of the same sample that imaged in Figure 1B with SEM. It illustrates significant capability of HIM for revealing the authentic morphology of the electrode. First of all, we admit that the distortions specific to the SEM images are vanished. It demonstrates typical morphology of a standard electrode containing 30 wt% of Nafion ionomer and reveals Pt nanoparticles seen as bright dots. The density of Pt nano-particles found with HIM is substantially lower than that found with SEM. This difference can be explained by the fact that the most significant contribution to the image contrast in the case of HIM is given by the secondary electrons emmited essentially from the a few nanometers of the surface layer from the regions that are closer to the surface than in the case of SEM [26, 27] . In other words, we attribute this discrepancy to the enhanced sensitivity of HIM to the surface layers and its relatively low sensitivity to buried features that are in our case Pt nanoparticles covered by Nafion layers and trapped in the pores of the high surface area carbon. Figure 1D compares the results of the grain size analysis performed on sets of HIM, SEM and TEM images. The analysis of the HIM images resulted in a significantly larger average grain size (54 nm) and a much wider grain-size distribution than the analysis of the SEM images, which has given the averages size equal to about 37 nm. The smallest value of the average grain-size (of about 30 nm) was obtained from the analysis of TEM images. We recall that TEM was achieved on the pristine catalyst samples and the SEM and HIM images are from the samples impregnated with Nafion. Therefore, the difference in the grain size between the TEM and SEM/HIM images can be naturally attributed to the addition of the ionomer component. However, the SEM and HIM images were taken from the same samples and the difference in the average grain size corresponding to SEM and HIM is too large to be explained by experimental errors. We suggest that the above differences in the grain-size distribution are, to a large extent, related to morphology changes originated from radiation damage induced by the electron probe beam during our SEM imaging procedures. Radiation damage in polymers by electron beams and the role of this damage in generating image artefacts is well known and documented in literature (see for instance work [29] and references herein). The structural changes in polymers in this case can include bond-breaking, chain scission and cross-linking, volitile molecules generation, and as a result, mass loss and shrinking. As far as Nafion is concerned, there are only few publications on radiation damage of this material by electron beams. Shnaider [30] has found Nafion to be highly sensitive to the damage generated by an SEM probe beam with an energy of 5 keV, which is the same as that used in our study. In particular, significant morphology changes have been observed in the Nafion samples dry-pressed at 140 ℃. These changes have been atributed to a combination of the electron beam induced atomic bondbreaking and a non-uniform microstructure of the Nafion samples. Similar structural nonuniformities and the related effects can occur in th Nafion-catalyst composite structures. Mass loss and phase separation have been found in studies of Nafion degradation under TEM imaging conditions [31] .
To our knowledge, research of the radiation damage induced in Nafion by ion beams has until present been limited to ion implantation of heavy ions [32] and protons [33] into Nafion membranes. XPS analysis of the ion-implanted membranes revealed modifications of the surface molecular structure and an increase in the surface roughness. We found it to be very problematic to adapt these results to our observations, because the ion energy lost in nuclear collsions [26] is released entirely inside the Nafion membranes. On the contrary, due to very small thickness of Nafion layers in our structures, the dominant part of the He + ion energy dissipates inside the catalyst.
There is an additional fact that supports our expalnations: An extremely low probe-beam current (0.1 pA) has been used for imaging the electrode structures with HIM, and it was sufficient to achieve a very good signal-to-noise ratio. On the other hand, we have had to use the electron-beam probe currents of around 10 pA to generate SEM images of sufficient quality. Taking into account that, in our study, the landing energy (30 keV) of one He + ion is only 6 times higher than the landing energy (5 keV) of one electron, but the probe beam current is 100 higher in the case of HIM, we conclude that the energy density dissipated per one second in the electrode structure is substantially lower in the case of HIM. Thus, we consider it to be most reasonable to conclude that HIM images reflect most accurately the actual surface morphology of the electrodes, and that the differences in the grain size distribution originate essentially from a lower level, and possibly, from a different character of the radiation damage caused by HIM imaging. Certainly, additional work is required to further clarify all the aspects of differences between the HIM and SEM results.
Electrochemistry
The electrochemical performance of the electrodes with different ionomer contents was evaluated in a three-electrode cell, and presented in Figure 2 . The electrochemical surface area is calculated based on Coulombic charge transfer of monolayer atomic hydrogen adsorption, as shown in Eq. (1) ( A series of typical cyclic voltammograms (CVs) based on 30 wt% Nafion ionomer is shown in Figure 2A ; other CVs carry similar feature, but different degradation rate as summarized in Figure 2B . The electrochemical surface area was found to rise within the first 20 cycles and then gradually decrease until the end of the test at 2500 cycles. As we also observed in the earlier studies, the initial rising is due to a cleaning process and reorganization of the ionomer component; the declining is due to degradation of the platinum catalyst and collapse of the overall electrode structure [34, 35, 36] . Figure 2B summarizes the performance of the electrodes. An optimal composition was found to be of 30 wt% of ionomer, in terms of both maximum of the specific electrochemical surface area (or utilization) and durability (in terms of percentage of ECSA) after the 2500 cycles accelerated stress test. This superior electrode performance can be attributed to not only the high catalyst activation, but also to the efficient electrode structure that is further characterized in the following paragraphs. 
Electrode Morphology at Nano-scale
As it was shown by the electrochemical measurements, the identical catalyst behaves significantly different in the electrodes of different ionomer content. The structure of these electrodes before and after AST was characterized in detail with the high resolution HIM.
Figures 3A-3D compare the pristine electrodes with ionomer content of 0, 10, 30 and 50 wt%. There are clear indications that with increasing ionomer content, a thin layer of ionomer film is formed on the catalyst particles surface and the film thickness increases. The appearance of the thin film is indicated by a blurring contour over the carbon particle edges. This observation is in a good agreement with the results of our earlier adsorption studies, which revealed strong affinity between the ionomer and the catalyst particles [11, 37] . Increased ionomer content occupies a larger volume of the free space in the catalyst structure; this results into a higher degree of isolation of the catalyst particles from each other and decrease in the pore volume from 27 to10% (see Figure 4) . 0% ionomer 10% ionomer 30% ionomer 50% ionomer
Similar to the pristine electrodes, the accelerated stress tested electrodes with different ionomer content also carry distinctly different morphology (see Figures 3E to 3H ). In general, the film structure reflects the ionomer content. Moreover, the AST electrodes carry 18 to 40% higher porosity than the corresponding pristine electrodes. The porosity change for the sample with 0% of ionomer content indicates carbon corrosion, which is a known degradation mechanism [38] in polymer fuel cells. For the ionomer-containing electrodes, degradation of the Nafion component in electrode structure can be a dominant degradation mechanism. Here, we should point out that the estimation of the electrode pore volume is based on the HIM images taken from the local microscopic regions. This estimate may be different from macroscopic estimates based on such techniques as permeation, gas adsorption (e.g., BET) or porosimetry [39] .
Moreover, we should point out that our electrochemical AST was carried out at ambient pressure (plus ignorable hydrostatic pressure). This allows free morphology change of the electrode materials without any external mechanical stress. This leads to the consequence that once any electrode component (either carbon or proton conductor) is degraded, empty space appears as additional porosity. Therefore, after the accelerated stress test in this work, porosity of the electrodes generally increases.
This observation is not in conflict with earlier reported porosity decrease in fuel cell AST [40, 41] . In most fuel cell configurations, to ensure stable contact, good sealing and high performance, single and stack cell inevitably use compressive or clamping pressure with spring load up to 70 bars [42, 43] as well as pressurized gas supplies. The local pressure experienced at catalyst layer can be huge. Once the electrode component is degraded, instead of leaving empty space in the electrode, the electrode structure collapses and becomes more compact morphology; this leaves electrode apparent porosity decrease. Figure 5 shows the samples of Figure 3 at a higher magnification to reveal fine details of the structure. In addition to the formation and growth of the Nafion film on the catalyst surface with increase in the ionomer content, we observe formation and growth of the membrane-like structures between the catalyst particles (see Figures 5A to 5D ). In general, maximization of the contact area between the proton conductive polymer and the catalyst increases the triple-phase-boundary (TPB) and is a common strategy in PEMFC electrode design [44] . On the other hand, when an excess of the polymer is impregnated, such as in the case of 50% ionomer, a part of it is working as an electrical insulator and mass transport barrier. Therefore, the formation of the thick Nafion layers and the membrane structures is in a good agreement with the results of electrochemical measurements discussed in Section 3.2.
The images taken after the AST (Figures 5E to 5H) show additional small grains (8 to12 nm in diameter) formed in the electrodes containing 10 and 0 wt% of ionomer during the accelerated stress test. The grains are most likely platinum particles formed via Ostwald ripening. This phenomenon appears more pronounced in 10% electrodes than in 0% electrodes. This difference may be due to the differences in Pt migration and dissolution in the electrodes with and without ionomer, or by different degree of the carbon corrosion in these electrodes, or by a combination of these factors.
Formation of the additional grains was not observed in the electrodes of higher ionomer content (in samples with 30 and 50% of Nafion). This observation may be explained by the fact that the catalyst particles in these layers are covered by thicker polymer layers, and therefore, they can better tolerate the stress condition, that is consistent with the AST results presented in Section 3.2. The catalysts under the thick ionomer layer can be less degraded (as shown in Section 3.2) and the dissolved Pt ions are prevented from re-deposition on the electrode surface due to lack of Pt nuclei or carbon support substrate.
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Electrode Morphology at Micro-scale
Due to the choice of solvent for the electrode ink and the processing procedure, cracks dividing the electrodes to patches were regularly observed in all the electrodes. The formation of the cracks is attributed to the tensile mechanical strain generated in the electrodes during the solvent evaporation process. Selecting a solvent with a lower boiling point and slowing down the drying procedure are reported to be effective strategies for manipulating the electrode surface macro-morphology [45] . The micrographs in previous Figure 3 were all taken from the inside regions of the patches. In the following low magnification images, the focus is placed at the crack regions. The results of preliminary examinations of the electrode surface are available in the supplementary material (see Figure S1 ).
Figures 5, 6A-6D illustrate crack regions of the pristine electrodes. The width of the cracks was found in a range of about 5 to 20 μm. Inside the cracks, very thin fibers with diameter in a range from about few tens to hundred nanometres were readily observed between the patch walls. The observed density of the fibers tends to increase with increasing the amount of the ionomer content in the electrodes. The fibers were not found in the electrodes without ionomer. This strongly suggests that the fiber structure is composed of Nafion polymer component originating from the ink ingredient.
The polymer fiber structures are most likely formed during the crack formation process. Though not intentionally designed, the polymer fibers strengthen the catalyst layer by connecting between the patch walls and reinforce the entire electrode structure. This is especially important for the mechanical stability of the electrode edges, as well as proton conduction and distribution. Figures 6E to 6H illustrate crack regions of the stressed electrodes. There is a significant reduction of the fiber density between the patch walls. This may be partially responsible for the reduction of the electrode performance after the electrochemical accelerated stress test.
Capturing quality images of the polymer fibers with SEM appeared to be a serious challenge, because during image acquisition, the electron irradiation destroys the fibers quickly and to a very large extent. Similar effects were observed during acquisition of the fiber images with HIM. The rates of the fiber destruction in the case of HIM however were significantly lower than in the case of SEM. This is one of the additional advantages of HIM in application to imaging of composite materials prone to radiation damage. 
Electrode Morphology due to Hot-pressing
As the only appropriate joining technology for PEMFCs, the hot-pressing (or lamination, welding) promotes coalescence of the bonding partners by applying pressure and heat to the interface. During lamination, the proton conductive membrane is sandwiched between two pieces of the electrodes to form a close contact. The conditions of the hot pressing, such as pressure, temperature 0% ionomer 10% ionomer 30% ionomer 50% ionomer
and duration play an important role in the electrode performance. Many groups have devoted their great efforts to understanding the key details of this process [46, 47, 48] . Our group has also carried out intensive studies of the lamination effects, with a focus on the catalyst performance [35] . However, any direct characterization of the hot-pressed electrodes with the microscopic techniques has so far not been reported in the literature. The HIM images in Figure 7 show a sample of the electrode with 30 wt% Nafion ionomer before and after hot-pressing at 150 ℃, with a pressure of 7 bar and for 3 min. The laminated electrode in this images appears to be more compact compared to the pristine electrode, which can be naturally explained by a significant reduction in the electrode volume (by around 10% of the original thickness) [34] under the high temperature and high pressure lamination. This is also the major purpose of the lamination, to provide more intimate contact between the electrode components and electrode-electrolyte layers. Besides this, the average grain size in the hot-pressed sample is reduced, which is probably related to the polymer migration in the melted state and polymer dehydration. Further, in many areas the polymer component coalescences to reduce its surface area. Last but not least, the polymer component was found to form fiber-like structures with dimensions of a few nanometers and similar to those described in Section 3.4, but much thinner. These polymer fiber structures between the electrode grains can be interesting from the point of view of both the mechanical strength and proton conduction in the electrodes.
(A) (B) Figure 7 . HIM images of the polymer fuel cell electrodes with 30 wt% of ionomer before (A) and after hot-pressing treatment (B).
Conclusion
Due to a range of advantages, in comparison to the other microscopy techniques, HIM appeared to be a very valuable tool for characterization of the morphology of PEMFC composite electrodes, including the surface and interface structures, porosity, and for post-mortem analysis of degradation mechanisms. The morphology of the pristine and electrochemically stressed electrodes containing the identical catalyst and different amounts of Nafion ionomer (0, 10, 30 and 50 wt%) was characterized at different length scales in a combination with the electrochemical measurements. The electrode morphology features revealed by HIM directly reflect changes in the polymer content, Polymer coalescence
Fibre formation
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Compact volume
consent the results of the electrochemical measurements and provide structure clarifications. The ionomer content was found to influence the morphology and the degree of degradation in the samples during the accelerated stress tests. The appearance of the additional small granular structure in the samples with zero and low ionomer content was observed and attributed to re-deposition of platinum particle controlled by Ostwald ripening. Lack of these structures in the samples with high polymer content is attributed to the formation of thick ionomer layers covering the catalyst particles. Fine polymer fiber structures were observed in both the electrode cracks and between the catalyst particles. These fibers can provide a better mechanical stability and a more efficient protonconduction network in the electrodes.
